Most conventional chemical vapor deposition ͑CVD͒ systems do not have the spatial actuation and sensing capabilities necessary to control deposition uniformity or to intentionally induce nonuniform deposition patterns for single-wafer combinatorial CVD experiments. In an effort to address these limitations, a novel CVD reactor system has been developed that can explicitly control the spatial profile of gas-phase chemical composition across the wafer surface. This paper discusses the construction of a prototype reactor system featuring a three-zone, segmented showerhead design. Experiments are performed to assess the ability of this reactor system to deposit tungsten films by the hydrogen reduction process; segment-to-segment process recipes are controlled to deposit spatially nonuniform W films. The capabilities of this reactor system for materials discovery research are discussed.
I. INTRODUCTION
In semiconductor manufacturing, chemical vapor deposition ͑CVD͒ is one of the essential unit operations used to produce thin solid films. Conventional CVD reactors consist of showerhead delivering and distributing reactive gases across a substrate, and an energy source to heat the substrate so that gas phase precursor chemical species react on the substrate surface producing nonvolatile solid films. Because reactive gas species can be effectively delivered into microscale channels and trenches, CVD can produce smooth and conformal films on topographically complex surfaces at high deposition rates using relatively simple reactor designs. 1, 2 Most conventional CVD equipment used in industry is designed for a specific process and a narrow range of operating conditions targeted to produce a specific product; these fixed design configurations limit the ability to control film thickness, composition, and microstructure spatial uniformity. Additionally, the few control inputs ͑e.g., pressure, gas composition, residence time, temperature͒ and limited realtime metrology capabilities available in most equipment designs result in a trade-off relationship between manufacturing effectiveness and film quality.
Because of these limitations, significant research effort has been directed to improving film growth uniformity by simulation and optimization [3] [4] [5] and to adding flexibility to CVD reactor operation by modifying reactor and showerhead configurations. 3, [6] [7] [8] [9] However, the benefits sought in these design studies cannot always be realized; for example, segmented showerhead designs created to control gas phase composition across the wafer surface 9 fall short of this goal because of the effect convective mass transfer has on distorting the relationship between showerhead output and the resulting gas chemical composition profile across the wafer surface. 10 In an effort to improve reactor flexibility, we introduced a new CVD reactor concept that enables control of film deposition characteristics to produce uniform or intentionally nonuniform films across the wafer surface. 10 This reactor system incorporates several new design features, the first of which is a segmented showerhead that discretizes the space above the wafer surface into individually controlled regions to maintain a two-dimensional gas concentration pattern over the wafer. Individually controlled gas feed lines to each segment allow the segment-to-segment management of gas composition. Second, to minimize interaction between segments in the wafer/showerhead gap region, residual gas is pumped up through each segment to a common exhaust volume. Additionally, a linear motion device attached to the segment wall assembly can adjust the gap size to control the segment-to-segment gas concentration gradient across the wafer surface in the gap region. Third, residual gas analysis for each segment can be performed using the sampling tube installed in each segment.
Numerical simulation studies and a sequence of experiments were performed using a prototype reactor to assess the spatial control capabilities of this CVD reactor design. 10 This first prototype reactor ͑designated P1͒ consisted of a modified commercial Ulvac ERA-1000 CVD cluster tool; in its original configuration, the CVD tool was equipped with a lamp heater and quartz window sieve showerhead. As part of the prototype modifications, we replaced the lamp heater with a substrate resistance heater and the quartz window a͒ Author to whom correspondence should be addressed; electronic mail: adomaiti@umd.edu, Homepage: www.isr.umd.edu/ϳadomaiti/.
shower head with a new hexagonal segmented showerhead. The schematic diagram of the reactor, the diagram of the showerhead, and the bottom view of the honeycomb showerhead are shown in Figs. 1 and 2. Preliminary simulations and experiments with this modified reactor system were used to quantify segment back diffusion and intersegment diffusion contributions to film growth, and to demonstrate intentional spatially nonuniform film deposition.
In this paper, the design and construction of a new prototype reactor with combinatorial capabilities will be discussed as well as the experimental results demonstrating W CVD by H 2 reduction performed with this reactor. In the conclusion section, future research for improving performance of this reactor system is discussed.
II. COMBINATORIAL CVD
The difficulty of accurately measuring and controlling gas phase composition in the two dimensions across a substrate surface has resulted in relatively few studies focusing on combinatorial CVD. Notable exceptions include the combinatorial CVD reactor developed by Gladfelter, 11-13 a reactor design featuring three widely spaced feed tubes through which different single-source precursors were injected over the wafer to produce compositional spreads in Ti/ Hf/ Sn oxide films. Hydrogenated silicon films of varying microstructure and thickness were produced in the hot wire CVD system of Wang; [14] [15] [16] [17] this design employed a fixed mask placed near to the surface of a movable substrate. Typical combinatorial processing with this system consists of a sequence of deposition runs using a single substrate, repositioning the substrate between runs corresponding to different H 2 and/or SiH 4 gas feed flow rates.
Because the reactor system described in this paper was designed to have significantly greater sensing and actuation capabilities relative to conventional CVD reactor designs, the programmable reactor takes its name from its ability to rapidly alter reactor geometrical characteristics as well as the reactant gas conditions, all in software. With its fast reprogramming capabilities, this new CVD reactor design is an ideal tool for combinatorial materials development research because of its ability to produce films with properties that change ͑smoothly or sharply͒ across the wafer by varying the operational parameters of the system, which include wafer/ segment gap size, gas flow rates, and the gas composition in each segment. 10 For example, in Fig. 3 we demonstrate a rapid process prototyping approach to new materials and process development. The spatial patterning capabilities of the programmable CVD reactor can be used to produce a "library" wafer ͑Fig. 3, middle left͒ containing regions of distinct material properties; the reactor system then can be reprogrammed to deposit spatially uniform films of the chosen property ͑Fig. 3, bottom left͒. Carrying out the processing concept shown in Fig. 3 requires an accurate simulator to extrapolate the measurements available from the segment sampling to the wafer surface.
III. THE REACTOR SYSTEM
While preliminary experiments with prototype P1 successfully demonstrated the feasibility of this new approach to controllable CVD, the experiments uncovered limitations in the prototype system. For example, in the first prototype, only one feed line of each segment was connected to a mass flow controller, limiting the range of process recipes that could be tested. As a result, this feed gas supply configuration did not allow W deposition by H 2 reduction and prevented a true test of programmability. Also, the first prototype system could only reach 10 −4 torr as a base pressure because the original Ulvac system was designed for LPCVD. This relatively high base pressure caused several contamination problems including particle generation, high partial pressures of H 2 O, CO 2 , and O 2 in gas phase, and unusual deposition patterns. The reactor system also required a significant amount of conditioning time to lower the partial pressure of undesirable gas species, such as the previously mentioned oxides that tend to consume the reactive WF 6 during processing. The nonflexible design of the original Ulvac system also was a serious limitation of the first prototype system in terms of lack of ability to add new sensors and gas lines, and to repair chamber components such as segmented showerhead assembly and substrate heater. Therefore, to demonstrate the true performance capability of this spatially controllable CVD system, it was necessary to construct a more flexible prototype CVD system that could be operated as a clean ͑UHV capable͒ system ͑see Fig. 4 -8͒.
The prototype reactor system P2 consists of four major components: ͑1͒ loadlock and reaction chambers, ͑2͒ gas distribution box, ͑3͒ two sets of pump systems, and ͑4͒ a gas composition sensing system consisting of a mass spectrometer and sampling lines. The process equipment layout is shown in Fig. 5 .
A. Chambers and pump systems
Two standard stainless-steel 8 in. six-way CF crosses are used for the loadlock and reaction chambers. A detailed mechanical drawing of the new reactor chamber with the programmable showerhead and heater are shown in Fig. 4 . The loadlock chamber is used to minimize air exposure to the reactor chamber and is pumped with one set of turbomolecular and mechanical pumps resulting in a loadlock chamber base pressure of 10 −8 torr. This UHV condition was achieved after He leak checking using the mass spectrometer on this system, normally used for residual gas analysis ͑RGA͒. The reaction chamber is pumped by a similar arrangement resulting in a base pressure lower than 10 −8 torr. Because of these low base pressures, the contamination sources from chamber walls are eliminated. The chamber and pump diagram is shown in Fig. 6 , along with the gas distribution box and mass-spectrometer sampling system.
As shown in Fig. 6 , the reaction chamber is isolated by two gate valves, minimizing the air exposure when pumps or gauges are repaired. During a CVD process, residual gas is pumped through the top of each segment into the common exhaust volume and then through valve ͑2͒ to the four-way cross. This four-way cross allows the gas pumped through the turbomolecular pump and valve ͑3͒ to flow to the mechanical pump. During chamber cleaning, gas evolving from chamber walls is pumped through valve ͑1͒ and the 6 in. four-way cross, then is exhausted to the turbo-molecular pump and backing mechanical pump. Each chamber has a set of pressure gauges consisting of an ion gauge measuring chamber pressure from 10 −8 to10 −4 torr and a convectron gauge for the 10 −3 torr to atmospheric pressure range. These ion and convectron gauges are easily damaged by corrosive gases such as WF 6 , therefore, a Baratron diaphragm gauge is used for the pressure control sensor in the reaction chamber with throttle valve ͑4͒.
B. Gas distribution box
To control gas flow rate and composition to each segment, a gas distribution system was developed to provide control to nine sets of gas feed lines; three gas lines distribute gas to each segment and each is connected to an Ar, H 2 , and WF 6 gas source. A gas line assembly consists of a mass flow controller ͑MFC͒, one manual and two pneumatic valves, a pressure gauge, and a pressure regulator. A schematic diagram of the gas distribution box and gas delivery lines are shown in Fig. 7 .
The setpoints of the pneumatic valves and mass flow controllers are sent from a Brooks automation system master controller. The one set of pneumatic on/off valves is installed in each gas line near to the reactor, instead of in the gas distribution box, to minimize exposing gas feed lines to air during maintenance.
C. Gas composition sensing
A novel approach to gas composition sampling is implemented in prototype P2. QMS ͑quadruple mass spectrometry͒ is one of the most widely used methods for in situ real-time process monitoring. QMS instruments are compact and cost effective, as well as selective and sensitive metrology tools. 18 Also, because the mass spectrometer can directly sense gas composition at specific points within the reactor system without disturbance to process performance, it is a candidate sensor for real-time control, such as in process end-point detection. This capability has been demonstrated for end-point detection and run-to-run control. 19, 20 The sampling tube of each segment is used to transport a small amount of gas to a QMS ͑an Inficon Transpector CIS2 mass spectrometer͒. From the residual gas analysis of each segment, approximate film thickness and composition of films deposited on the substrate area corresponding to each segment can be determined. Coupled with a reactor segment model, 10 this capability of individual segment sampling and monitoring enables fast reprogramming of the recipe across the wafer surface using model-based, real-time control.
To monitor gas composition in each of the three segments pseudo-simultaneously during operation, the single mass spectrometer must have time-sharing capabilities. Three sampling tubes and on/off valves connect the segments FIG. 6 . ͑Color online͒ The diagram of the prototype 2 system ͑gas flow control system, pumps, chambers, gas distribution box, mass-spectrometer, and controllers͒.
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to the mass spectrometer. The three on/off valves are sequentially opened and closed by a control signal sent from a Techware Brooks control platform to perform the mass spectrometer multiplexing. The schematic diagram of this setup is shown in Fig. 8 .
IV. WAFER TEMPERATURE DISTRIBUTION
Wafer temperature is the other key factor affecting film growth uniformity in most CVD processes. To reveal the heat transfer mechanisms primarily responsible for affecting wafer temperature and its uniformity, temperature measurement experiments were performed with an instrumented wafer over a range of operating conditions and reactor geometries. With a thermocouple instrumented wafer, temperatures of 13 specific points were measured. In Fig. 9 , the positions of 13 thermocouples and their relationship to the segment positions are shown. To assess gas composition and wafer/segment gap size on wafer temperature, the wafer temperatures were measured when the chamber was filled with typical reactant gases ͑Ar, N 2 , H 2 ͒ at 1 torr and at high vacuum for a range of gap sizes. The role of temperature distribution in interpreting deposition results will be discussed later in this paper.
V. W DEPOSITION EXPERIMENTS: H 2 REDUCTION
The programmable CVD reactor is designed to produce intentional spatial patterns of W films on the wafer surface as well as uniform W films. In the new prototype reactor P2, H 2 reduction is performed to test this concept of spatial controllability. Intentional nonuniform deposition ability is important for demonstrating true programmability of deposition and for combinatorial materials discovery research. 
062217-5
CVD reactor for combinatiorial research Rev. Sci. Instrum. 76, 062217 ͑2005͒
A. Experimental conditions
The recipes used for the experiments are shown in Table I . The recipes EXP1 and EXP2 are designed for segment-to-segment uniform and intentional nonuniform W film deposition, respectively. In each recipe, the ratio of H 2 and WF 6 in each segment is fixed at the 4:1 ratio used for a typical blanket W deposition because the ratio of the reactant gases affects the growth rate of W film as well as pressure, temperature, and contamination on the wafer surface. [21] [22] [23] To minimize convective interaction between segments, the total flow rate to each segment was held constant set at 60 sccm for both EXP1 and EXP2.
The heater temperature was set to 400°C and total pres- 6 reacts first with Si rather than H 2 . This Si reduction is self-limited because Si supply from the substrate to the film surface in contact with the reactant gas is limited by the W film growing by Si reduction. This Si reduction is not desirable for micro-electrical device fabrication because of the wellknown encroachment and W migration phenomena leading to device damage. 1, 2, 24 However, in this experiment, seed layer formation by Si reduction is not avoidable and is necessary to grow W film by H 2 reduction. Considering the seed layer formation, deposition time should be sufficiently long to allow neglecting the W deposited by Si reduction. By the QMS RGA of byproduct gas SiF 4 from the Si reduction, the deposition time was chosen to be 10 min, during which Si reduction occurs for the first 10-20 s, producing a severalnanometer-thick W film.
Proper cleaning of the wafer surface is necessary because the W film growth is significantly affected by the surface condition of the Si wafer. For example, H 2 reduction cannot produce W films on native oxide ͑SiO 2 ͒, a film that usually exists on the surface of a Si wafer. Also, other organic and nonorganic particles and molecules cause catalytic reactions consuming WF 6 . To minimize these effects, each Si wafer ͑100͒ is cleaned with acetone and rinsed with deionized water to remove organic contaminants. Then, the wafer is dipped into a 10% HF solution for 5 min to remove native oxide and metal contamination completely.
B. Uniform deposition experiments
To establish a baseline to which intentional nonuniformity control will be compared, recipe EXP1 was fed to the segments to measure the segment-to-segment uniformity. Using the experimental conditions described in the previous section, W deposition by H 2 reduction was performed. The resistance of the W film produced in this experiment was measured to generate a two-dimensional thickness contour map using an automatic high resolution four-point probe that was developed for the analysis of films produced by the programmable reactor.
The resistance measurements are converted to film thickness based on the assumption that the resistivity of W film is the same as bulk W resistivity-we note that this assumption is not strictly valid because W films produced by CVD have 1.5 to 2 times greater resistivity than bulk W. However, this measurement is still acceptable for comparing deposition performance of each segment and to evaluate uniform depo- sition ability because the conditions of each segment are sufficiently similar to produce W films having a similar range of resistivity.
The map of thickness measured by the four-point probe is shown in Fig. 10 . According to the measurements, sharp hexagonal W deposition patterns reflecting the segment locations were observed on the wafer surface, demonstrating clearly the ability of the segments to maintain gas concentrations that differ from that outside the segments.
To assess the uniformity of W films deposited by the prototype P2 reactor, each segment region is measured individually. In Table II and Fig. 11 , the average thickness and standard deviation of W films based on the four-point probe measurements are summarized. According to these measurements, the average of W film thickness in each segment is approximately 159 nm. The standard deviation of the overall measurements is approximately 20 nm and this is close to the individual segment's standard deviation of W film thickness. Uniformity of segment-to-segment thickness can be represented by the average and standard deviation of these thickness values, which are 158.65 and 4.06 nm, respectively. Based on this analysis, prototype P2 is able to produce W films, which have 2.6% segment-to-segment and 12.6% intrasegment uniformity. Because the performance of each segment is similar, the intrasegment uniformity remains the key index to be improved.
In Fig. 12 , the temperature profile ͑top͒ produced using a 5 mm gap and the thickness profile of W films ͑bottom͒ are shown. The temperature profiles in Fig. 12 are measured at the points 1-5 each segment as shown in Fig. 9 . The W film thickness profiles in Fig. 12 are interpolated values along the line segments intersecting the five temperature measurement points in each segment region. The temperature profiles shown in this figure are measured at 1 torr H 2 without gas flow and conditions otherwise similar to that of the deposition experiment. Comparing the temperature and thickness profiles, we observed similar patterns. One can immediately infer that intrasegment uniformity depends on the temperature distribution across the wafer as well as the gas composition at the wafer surface.
C. Nonuniform deposition experiment
To test the concept of programmability of the prototype P2, intentional segment-to-segment nonuniformity producing deposition experiments were performed using the recipe EXP2 in Table I ; the resulting film is shown in Fig. 13 . As shown in this figure, W film grown in segment 1 is thin compared to the other two segment regions but is thicker than that found outside of the segment region on the wafer surface. The reactive gases, H 2 and WF 6 , make their way into segment 1 by back diffusion from the common exhaust volume and by diffusion through the wafer/segment gap between this and segments 2 and 3. The thickness difference between the W film in segment 1 and the outside region can be used as evidence to conclude that the contribution of the precursor gas species by back diffusion from the common exhaust volume is significant. In Fig. 14 , we illustrate the gradient ͑denoted by arrows͒ of film thickness in segment region 1. The gradient is a partial indicator of the role diffusion has in transporting reactant gases across the wafer surface. From the directions of the gradient, it can be concluded that more reactive gases in segment 1 diffuse from segment 3 than segment 2 because segment 3 has a higher concentration of reactive gases, H 2 and WF 6 , compared to segment 2. It is expected that by varying the wafer/segment gap size and concentration of reactive gases in segments 2 and 3, the diffusion pattern, film growth rate, and thickness gradient can be controlled.
D. W film properties
The electrical and physical properties of W films deposited by CVD methods usually depend on the film thickness, growth rate, and species of gas used in the process. 21, 25 Particularly, the resistivity of W film deposited by CVD usually is higher than that of bulk W because of impurities ͑such as the remaining F atoms from the WF 6 precursor͒ and small grain size. The faster grown W film has larger grains and fewer F atoms incorporated in the films. Commonly, thinner W films have smaller grain size leading to the general observation that faster grown thick W films have lower resistivity than slow grown thin W films. 1, 21, 25 Under EXP2 experimental conditions, the W films have significantly different thicknesses, growth rates, and processing recipes in each segment; therefore, the W film thickness measured by a four-point probe must take into account the spatially varying resistivity to assess segment-to-segment and intrasegment uniformity.
To compare W film thickness measured by the four-point probe with true thickness measurements, a SEM ͑scanning electron microscope͒ was used to take cross-sectional pictures of the W film and Si substrate, sampled from the center of each segment region. The W film thickness measured by SEM and the four-point probe resistance measurements are summarized in Table III . The true W film resistivity of each segment is calculated from a comparison of the four-point probe and SEM measurements and is shown in the third column of Table III . According to the calculated results, W films in segment 2 and 3 regions exhibit a lower resistivity relative to that of segment 1. This corroborates with the previously discussed general observations on film resistivity, in that the faster growing W films in segments 2 and 3 have larger grains, and, as shown in Fig. 15 , the grain size of W film in segment 1 is much smaller compared to the two other segments.
By controlling gas phase composition in this deposition process, the potential of this system for performing combinatorial CVD investigations was demonstrated by the production of thin films having different electrical and physical properties on a single wafer in a single experiment. In this experiment, where an inert gas was fed to one of the three showerhead segments, a gradient of film thickness inside this segment region resulted from precursor diffusion from adjacent segments. While the thickness gradient was limited to the one segment region in this experiment because of the small gap size used, experiments are being planned where larger gap sizes will be used to diffuse this gradient across multiple segment regions. It is from combinatorial experi- ments such as these that a desirable film quantity will be identified; the process conditions at this spatial point on the wafer will be determined from the reactor simulator, and the reactor system then will be reprogrammed to deposit this desired film uniformly over the wafer surface.
